As part of a search for homologous members of the Plasmodium falciparum Pf60 multigene family in the intraerythrocytic protozoan parasite Babesia canis, we report here the characterization of a cDNA of 1,115 bp, which was designated Bcvir for its potential viral origin. The Bcvir cDNA contained two overlapping open reading frames (ORFs) (ORF1 from nucleotide [nt] 61 to 486 and ORF2 from nt 417 to 919), where Bcvir15, the deduced ORF1 peptide (M 1 to I 141 ), is the main expressed product. The Bcvir cDNA was derived from an extrachromosomal dsRNA element of 1.2 kbp that was always found associated with a double-stranded RNA (dsRNA) of 2.8 kbp by hybridization, and no copy of this cDNA sequence was found in B. canis genomic DNA. Biochemical characterization of Bcvir15, by using polyclonal rabbit sera directed against recombinant proteins, indicated that it is a soluble protein which remained associated with the cytoplasm of the B. canis merozoite. Interestingly, purified immunoglobulins from the anti-glutathione S-transferase-Bcvir15 (at a concentration of 160 g/ml) induced 50% inhibition of the in vitro growth of B. canis, and the inhibitory effect was associated with morphological damage of the parasite. Our data suggest that the extrachromosomal dsRNA-encoded Bcvir15 protein might interfere with the intracellular growth of the parasite rather than with the process of invasion of the host cell by the merozoite. Epitope mapping of Bcvir15 identified three epitopes that might be essential for the function of the protein.
Extrachromosomal double-stranded RNA (dsRNA) genetic elements are widespread in pathogenic protozoa (26, 46) and fungi (for reviews see references 31 and 47) . In protozoa, dsRNAs have been described for parasites from the genera Leishmania, Trichomonas, Giardia, Eimeria, Babesia, and Cryptosporidium. As has been demonstrated for most dsRNAs from fungi, dsRNAs from protozoa appear to be closely associated with viral particles and to be encapsidated (27, 46) . Most of the protozoan dsRNA viruses are organized similarly to members of the fungal virus family Totiviridae (i.e., with an unsegmented dsRNA viral genome), whose well-characterized members corresponded to the dsRNA viruses from the yeast Saccharomyces cerevisiae (47) . They contain a large nonsegmented genomic dsRNA (L-dsRNA), whose size ranges from 4.3 to 7.5 kbp (46) , which encodes structural proteins necessary for the encapsidation and replication of viruses, i.e., the capsid and an RNA-dependent RNA polymerase (RDRP). Smaller dsRNAs of less than 1 kbp were also described for the viruses of Trichomonas vaginalis and Eimeria nieschulzi, and those from T. vaginalis were characterized as dsRNA satellites (24, 25, 36) . Another common feature of most of the pathogenic protozoa and fungal dsRNA viruses is their lack of infectivity and their maintenance in the cytoplasm environment of their host (31, 46) . For this reason, it was initially assumed that these viruses play no role in host biology. However, data from fungal dsRNA viruses analysis now clearly demonstrate that dsRNAencoded products may play a critical role in host virulence. The best-known example is the toxin responsible for the killer phenomenon in yeast (47) , in which a yeast strain that produces the toxin is able to kill similar nonproducing strains. This toxin is encoded by the smaller satellite M-dsRNA from yeast viruses. Other examples concern virus-infected plant pathogenic fungi, where the presence of dsRNA elements has been reported to reduce or increase fungal virulence, thus acting on the pathogenicity induced in the infected plants (1, 31) . In protozoa, although numerous data are available on the genomes of the dsRNA viruses, the precise roles of these dsRNA viruses and their encoded products in host-parasite relationships remain largely unknown. Viral density was reported to affect the growth of the Giardia parasite, and in the case of Trichomonas, the presence of dsRNA was associated with phenotypic modifications of the infected cells (23, 35, 45, 46) . In the Leishmania virus, an endoribonuclease activity was demonstrated to be associated with the capsid protein (29, 30) . These data strongly suggested that extrachromosomal dsRNAs might interfere with the infected cells and that their encoded products might modulate the transcription level of the infected cells. However, to date, encoded products from either larger or smaller dsRNAs from protozoan parasites have never been directly linked to a change in the host virulence or host-induced pathogenicity.
Here, in a search for a homologous sequence of the Plasmodium falciparum Pf60 multigene family in the Apicomplexan intraerythrocytic protozoan parasite Babesia canis, which is responsible for the widespread tick-borne canine babesiosis in Europe, we have identified and characterized a 1.2-kbp cDNA that was called Bcvir. This 1.2-kbp cDNA encoded a major protein of 15 kDa (Bcvir15), and we demonstrate that antibodies directed against Bcvir15 are able to inhibit the in vitro growth of B. canis. Hybridization experiments indicate that Bcvir cDNA was derived from an extrachromosomal dsRNA element of 1.2 kbp that was always associated with a 2.8-kbp dsRNA, suggesting a viral origin for Bcvir cDNA. Furthermore, our data suggest that the 1.2-kbp dsRNA might correspond to a smaller dsRNA satellite rather than an LdsRNA from a potential B. canis virus. The putative function of the dsRNA-encoded protein Bcvir15 in the intracellular growth of B. canis and the relationship of this extrachromosomal dsRNA to the P. falciparum Pf60 multigene family are discussed.
MATERIALS AND METHODS
Parasites and in vitro culture of B. canis. Isolates A and B from B. canis and the isolate of B. canis subsp. rossi were derived from dogs that contracted babesiosis in France and in South Africa, respectively (44) . The two other isolates from B. canis (designated G and R) were collected from dogs that contracted babesiosis in southern France, like for A and B, but from other regions. These isolates, from the European and South African species of large Babesia parasites that infect dogs, were maintained in in vitro culture by using dog erythrocytes at a hematocrit of 2% in culture medium supplemented with 10% (vol/vol) normal dog serum (38) .
Isolation of the Bcvir cDNA clone and DNA analysis. A B. canis cDNA library was constructed with the ZAP Express cDNA Gigapack II Gold cloning kit (Stratagene) as previously described (12), using purified mRNA from European isolate A of B. canis. The cDNA library was immunologically screened with a rabbit polyclonal serum directed against the Pf60.1 clone from P. falciparum (11) at a 1:100 dilution. The pBK-CMV plasmids from positive clones were in vitro excised and purified with JetQuick plasmid miniprep spin columns (Genomed) (12) . Double-stranded DNA was sequenced (Genome Express S.A, Grenoble, France) by using the dideoxy chain termination method (37) with T3 and T7 universal primers initially and with primers derived from the established sequence of each strand thereafter. Hybridization and dehybridization procedures for Southern and pulsed-field gel electrophoresis (PFGE) analyses with Bcvirderived probes were performed as previously described (13) . A cDNA probe derived from the single-copy gene Bc12D3 from B. canis (C. Carret et al., unpublished data) was used as a control.
RT-PCR. Total RNA from isolate A of B. canis was extracted with the Trizol reagent (Gibco BRL) and used as starting material for reverse transcription-PCR (RT-PCR) by the two-step protocol of the enhanced avian RT-PCR kit (Sigma). Briefly, the retrotranscription step was performed during 50 min at 42°C in a final volume of 20 l containing 250 pg of total RNA, 20 U of both enhanced avian myeloblastosis virus retrotranscriptase and RNase inhibitor, specific Bcvir cDNA primer at a final concentration of 1 M, and the deoxyribonucleotide mix for a final concentration of 500 M for each deoxyribonucleotide. Specific Bcvir cDNA primers used in the retrotranscription step were reverse primer P15.2 (5Ј-AATGACATACTCACAGGAAGC-3Ј) and forward primers P1 (5Ј-GACG TTTGATGTGATGAGGGAAGC-3Ј) and P5 (5Ј-AGGGAGCTGTCACGGA AGATT-3Ј). As control for DNA contamination, the enhanced avian reverse transcriptase was also omitted from the first-step reaction for each primer tested. Subsequently, one-fifth of the first-step reaction product was used as a template for the PCR, which was performed at an annealing temperature of 55°C and with the AccuTaq DNA polymerase (Sigma) . The primers used to analyze the amplified products were P1-P2 (reverse primer P2, 5Ј-ATGAGTCTATTGACTCCT TG-3Ј) and P5-P15.2. As a control, an RT-PCR experiment was also performed with reverse and forward specific primers that were derived from the single-copy gene Bc12D3 from B. canis.
Northern blot analysis.
One microgram of total RNA purified with Trizol reagent (Gibco BRL) or 100 ng of mRNA purified by using the polyATtract mRNA isolation system (Promega) was separated on a 0.8% Seakem GTG agarose (FMC) gel under denaturing conditions with the NorthernMax Kit (Ambion). Subsequently, the RNA was transferred onto a Nytran N nylon membrane (Schleicher & Schuell) by using a vacuum blotter (Bio-Rad) with 10ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1mM EDTA [pH 7.7]) for 2 h under 5 ϫ 10 5 Pa of pressure. The membranes were then hybridized with sense (mRNA sequence) or antisense (complementary mRNA sequence) digoxigenin (DIG)-11-UTP-labeled riboprobes from ORF1 or ORF2 sequences derived from the Bcvir cDNA in presence of the ULTRAHyb reagent (Ambion). The hybridization was developed by incubation of the membrane with an anti-DIG alkaline phosphatase-conjugated antibody followed by CPD-Star Reagent as described in the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche).
Nuclease S1 digestion assays. Total RNA purified with Trizol reagent (Gibco BRL) was digested (50 U/g) with nuclease S1 enzyme (Promega) for 1, 2, or 3 h at 37°C in the appropriate reaction buffer. Treated RNA was then extracted with phenol-chloroform (pH 4.7) (Sigma) and treated for Northern blotting as described above. Membranes were hybridized with the sense ORF1 riboprobe. Untreated total RNAs were used as controls. As a control for the correct digestion of single-stranded RNA, nuclease S1-digested RNA was also hybridized with an antisense riboprobe derived from the encoding region of cDNA Bc28 from B. canis (P. Cibrelus et al., unpublished data).
Recombinant protein purification. Both glutathione S-transferase (GST)-and His 6 -tagged recombinant proteins, including the predicted ORF1 protein (i.e., Bcvir15), were produced. For the production of GSTBcvir15 (polypeptide A 12 to I 141 ), a 5Ј-incomplete Bcvir cDNA clone was excised from the pBK-CMV vector by EcoRI-XhoI enzymatic digestion, purified, and subcloned in EcoRI-XhoIdigested pGEX-4T3 vector (Pharmacia Biotech). The GSTBcvir15 protein was purified by affinity chromatography on glutathione-agarose beads (Sigma) as described elsewhere (42) . For the production of (His) 6 Bcvir15 (polypeptide M 25 to I 141 ), the ORF1 sequence of the Bcvir cDNA was amplified by PCR with specific internal modified primers. The forward primer contained an in-frame 5Ј SphI restriction site (5Ј-ATGAGGGAAGCATGCCTTCGTGTA-3Ј), and the reverse primer contained a 3Ј KpnI restriction site (5Ј-TACCTACGTGGTACC TTCTTA-3Ј) in frame with the vector stop codon. The PCR product was purified, digested, and subcloned in an SphI-KpnI-digested pQE-30 vector (Qiagen). The (His) 6 Bcvir15 protein was purified by affinity chromatography on Ni-nitrilotriacetic acid beads (Qiagen) under denaturing conditions according to the manufacturer's instructions.
Immunization. Two polyclonal antisera were produced against the Bcvir15 protein, using either the GSTBcvir15 or the (His) 6 Bcvir15 recombinant protein for immunization of rabbits. For the first immunization, New Zealand White rabbits were subcutaneously injected with 100 g of GST-or His 6 -tagged recombinant Bcvir15 (emulsified in Freund's complete adjuvant or saponin adjuvant, respectively). The two subsequent injections were performed intramuscularly, with 100 g of purified recombinant proteins, emulsified in incomplete Freund's adjuvant or saponin adjuvant, respectively. Injections of animals were performed at 4-week intervals, and serum samples were collected 8 days before each immunization.
Immunoblot analysis. Parasitized red blood cells from in vitro cultures of B. canis were lysed in 10 ml of RPMI supplemented with 40 U of ␣-hemolysin from Staphylococcus aureus (Sigma) per ml in a water bath at 37°C for 30 min. The sample was centrifuged (3,500 ϫ g, 30 min), and the pellet of free merozoites and red blood cell membranes was washed extensively in Tris-buffered saline (TBS). The merozoites were separated from contaminating erythrocyte membranes by centrifugation (3,500 ϫ g, 30 min) through a discontinuous Percoll gradient (lower layer density of 1.09 and upper layer density of 1.02). The merozoites were retrieved at the interface of the gradient. They were centrifuged (15,000 ϫ g, 15 min), washed, and boiled in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer for 5 min at 100°C. The proteins were separated by electrophoresis in an SDS-15% (wt/vol) polyacrylamide gel and transferred onto nitrocellulose membranes. The membranes were saturated by incubation for 1 h at room temperature with 5% (wt/vol) skim milk powder and incubated for 1 h with the sera diluted 1:100 in TBS. The membranes were then washed extensively with TBS-0.3% (vol/vol) Tween 20 and incubated for 1 h with goat anti-rabbit immunoglobulin G (IgG) peroxidase-conjugated antibodies (Sigma) diluted 1:500 in TBS. The detection procedure was performed with 4-chloro-1-naphthol as a chromogen.
Indirect immunofluorescence assay. 35 S]methionine (Ͼ1,000 Ci/mmol; Amersham Pharmacia Biotech) per ml during 12 h at 37°C. Radiolabeled parasitized erythrocytes and culture supernatants (exoantigen fraction) from B. canis in vitro cultures were then separated by centrifugation (1,800 ϫ g, 5 min). Volumes of 200 l (10 6 cpm) from radiolabeled culture supernatant were precleared with protein A-Sepharose CL4B beads (Amersham Pharmacia Biotech) for 30 min at 4°C before immunoprecipitation experiments. The erythrocyte pellet was washed extensively and was either dissociated into 9 volumes of radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors (2% Triton X-100, 600 mM KCl, 150 mM NaCl, 5 mM EDTA, 10 mM Tris-HCl [pH 7.8], 3 mM phenylmethylsulfonyl fluoride, 1% aprotinin, 2.5% iodoacetamide) or lysed with ␣-hemolysin as described above. The radiolabeled lysate resulting from RIPA buffer treatment was maintained for 1 h on ice and centrifuged at 15,000 ϫ g for 15 min, and the supernatant was collected (total antigen fraction). Radiolabeled parasitized red blood cells lysed with ␣-hemolysin were centrifuged (3,500 ϫ g, 30 min), and the supernatant (infected-erythrocyte stroma fraction) was collected. The pellet was processed through a Percoll gradient as described above to collect the purified radiolabeled merozoites free of contaminating erythrocyte membranes. One part of the purified merozoite fraction was used for phase separation of the proteins in Triton X-114 (Sigma) according the method of Bordier (10) as modified by Precigout et al. (34) . Immunoprecipitation experiments were performed with total, supernatant, infected-erythrocyte stroma, purified merozoite, Triton X-114 aqueous (soluble antigens), and Triton X-114 detergent (insoluble antigens) fractions as the source of radiolabeled antigens of B. canis. They were performed by adding 5 l of each tested antiserum to volumes of radiolabeled exoantigens or antigens corresponding to 10 6 cpm. Incubation was performed overnight at 4°C with constant stirring. The antigen-antibody complexes were precipitated with 75 l of protein A-Sepharose CL4B beads (Amersham Pharmacia Biotech) for 1 h at room temperature. The complexes were then washed four times with RIPA buffer and two times with TBS. Subsequently, immune complexes and beads were dissociated in 50 l of SDS-PAGE sample buffer. Radiolabeled proteins were separated on by SDS-15% PAGE. After electrophoresis, gels were fixed, dried, and autoradiographed on Biomax MR films (Eastman Kodak Co).
In vitro inhibition assays. B. canis parasites were cultured at 2% (vol/vol) hematocrit and a starting parasitemia of 1% (day 0) as previously described. All experiments were performed in triplicate, and the growth-inhibitory effect of anti-Bcvir15 antibodies (as crude sera or purified IgG) was analyzed by either microscopic determination of parasitemia or [ 3 H]hypoxanthine incorporation. In a first series of experiments, inhibition assays were performed with 8% (vol/vol) crude sera in 1-ml cultures in vitro performed in 24-well plates (Nunclon ⌬ surface; Nunc). After 24 h of incubation at 37°C (day 1), the cultures were centrifuged at 1,800 ϫ g for 5 min, and the medium was completely removed and replaced by prewarmed fresh medium containing the same amount of serum that was added at day 0. A supplementary 24-h incubation of the cultures was performed at 37°C, and the infected erythrocytes were collected (day 2). Reversion of inhibition was performed by addition of 20 or 40 g of purified GSTBcvir15 recombinant protein (that was dialyzed overnight against RPMI) to wells containing a culture supplemented with 8% (vol/vol) crude anti-GSTBcvir15 serum at day 0 of the experiment. As a control, the same amount of GSTBcvir15 protein was added to wells of normal cultures. Blood smears of each well were made at days 0, 1, and 2, and the inhibitory effect was determined by microscopic assessment of parasitemia. In a second series of experiments, inhibition assays were performed with total purified IgG that was added (at a final concentration of 20 to 200 g of total IgG/ml of culture) to 100 l of in vitro cultures maintained in 96-well plates (Nunclon ⌬ surface; Nunc) under the conditions described above. Anti-GSTBcvir15 preimmune, irrelevant anti-GSTBc12D3 and anti-GST antibodies were purified by affinity chromatography on a HITrap protein G column (Amersham Pharmacia Biotech). Purified IgG was then dialyzed overnight at 4°C against RPMI, and IgG titers were determined with the Coomassie blue protein reagent kit (Pierce). Each sample was then resuspended to a final concentration of 2 mg of IgG per ml in RPMI, and the ratio of IgG specifically directed against the GST part of GST-tagged recombinant proteins (GSTBcvir15 or GSTBc12D3) that were used to immunize rabbits was analyzed by enzyme-linked immunosorbent assay; this was evaluated to be half of the total amount of purified IgG for the two sera. Thus, purified IgGs were diluted in RPMI to 2.0, 1.6, 0.8, 0.4, and 0.2 mg/ml, and 10 l per well was added to 90-l cultures containing 50 Ci of [ 3 H]hypoxanthine (in aqueous solution; ICN) per ml. Cultures were incubated for 24 h at 37°C. Subsequently, the infected erythrocytes were collected with a Cell Collector apparatus (Bioblock) onto a filter. Incorporation of radiolabel was determined by liquid scintillation counting in the presence of 2 ml of Emulsifier Safe Scintillant (Packard).
Epitope mapping. Sixty-five overlapping dodecapeptides covering the entire Bcvir15 amino acid sequence were synthesized on a polyvinylidene difluoride membrane by the method of Franck (16) as modified by Molina et al. (32) . Epitope mapping of Bcvir15 was performed with anti-GSTBcvir15 and anti-(His) 6 Bcvir15 sera diluted 1:1,000 and 1:300, respectively. Corresponding preimmune rabbit sera were used at the same dilutions.
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper are available in the GenBank, EMBL, and DDBJ databases under accession number AJ494862.
RESULTS
Isolation and sequence analysis of Bcvir cDNA. As part of a search for a homologous sequence from the P. falciparum Pf60 multigene family (8, 9, 11) in the agent of canine babesiosis in Europe, the anti-Pf60.1 antiserum (11) was used to perform an immunological screening of a B. canis (isolate A) cDNA library. The Bcvir cDNA (accession number AJ494862) was 1,115 nucleotides (nt) long, with a poly(A) 22 tail and with the translation initiation codon at position 61 (Fig. 1A ). An interesting feature of this cDNA was that it contained two open reading frames (ORFs) which were ϩ1 frameshifted and overlapped by 69 nt (nt 417 to 486) (Fig. 1A) . ORF1 (nt 61 to 486) was predicted to encode a polypeptide of 141 amino acids (aa) (M 1 to I 141 , designated Bcvir15) starting with a methionine (Fig. 1B) , with an expected molecular mass of 15.7 kDa and a pI of 10.9. ORF2 (nt 417 to 919) started with an arginine residue (Fig. 1B) . Sequence analysis of the overlapping region of the Bcvir cDNA suggested that a ϩ1 ribosomal frameshift would produce an ORF1-ORF2 fusion protein of 285 residues (M 1 to C 285 , designated Bcvir32) (Fig. 1B) , with a predicted molecular mass of 32.3 kDa and a pI of 10.5. Due to the ϩ1 shift between ORF1 and ORF2, the predicted Bcvir15 and Bcvir32 polypeptides would show different amino acid sequences in the overlapping region (Fig. 1B) .
Sequence database screening with the Bcvir cDNA sequence as a query was performed with both the BLAST (2) and PSI-BLAST (3) programs. It failed to indicate any significant distant homology. However, two specific motifs were found within the Bcvir15 amino acid sequence in the PRINTS (5) and PROSITE (6) databases: the PRINT PR00349 virion infectivity factor Vif of HIV1 retrovirus and the PROSITE PS50847 gram-positive anchoring motif present in coccus surface proteins. This last motif, corresponding to the consensus hexapeptide sequence L-P-X-T-G-[STGAVDE], was found as an LPGTGA sequence (aa 53 to 58 of Bcvir15) (Fig. 1B) . Interestingly, when the FUGUE program was used for recognizing distant homologues by sequence-structure comparison (40), the Bcvir15 protein was found to be homologous (Ͼ95%) to the b chain protein core from the paramyxovirus simian virus 5, and a coiled-coil structure might be predicted with the last amino acid sequence from Bcvir15. Analysis of the hydrophobic profile (33) from the Bcvir15 amino acid sequence did not predict a putative peptide signal sequence at the N-terminal end, suggesting that Bcvir15 is not a secreted protein.
Bcvir cDNA has no copy in the genome of B. canis. The ORF1-derived cDNA sequence was used to probe either B. canis genomic DNA digested with restriction enzyme or chromosomes of B. canis separated by PFGE. Surprisingly, the Bcvir cDNA probe failed to hybridize both to Southern blots of genomic DNA (Fig. 2A, lane 3) or to PFGE-separated chromosomes of B. canis (Fig. 2B, lane 3) . In contrast, the cDNA probe that was derived from the single-copy gene Bc12D3 from B. canis gave strong signals with the same blots (Fig. 2, lanes 2) . In controls, the ORF1-derived probe was reactive on the plasmid that carried the Bcvir cDNA, and there was no hybridization of this probe to canine lymphocyte DNA (data not shown). PCR experiments using genomic DNA as the template and Bcvir cDNA sequences as primers were unable to amplify regions from this cDNA in the genome of B. canis. The same primers tested on the recombinant plasmid carrying the Bcvir cDNA and primers derived from the single-copy gene Bc12D3 from B. canis tested on B. canis genomic DNA amplified DNA fragments with expected sizes (data not shown).
Bcvir cDNA is carried by dsRNA elements of B. canis. As there appeared to be no DNA copy of the Bcvir cDNA in the genome of B. canis, a series of experiments were performed at the RNA level to search for the derived genetic element corresponding to the Bcvir cDNA sequence. An RT-PCR experiment was first performed with either Bcvir cDNA sequence-derived forward or reverse primers for the first retrotranscription step (Fig. 3A, lanes 1 to 6) . As a control for this experiment, a similar approach was used with primers derived from the cDNA that was derived from the single-copy gene Bc12D3 from B. canis (Fig. 3A, lanes 7 to 10) . As expected, with the control a 1-kbp product was amplified when the reverse primer was used for the first retrotranscription step (Fig.   FIG. 1 . Schematic representation of the Bcvir cDNA. (A) The predicted ORF1 (nt 61 to 486) and ORF2 (nt 417 to 919) sequences and the ORF1-ORF2 overlapping region (nt 417 to 486) of Bcvir cDNA are indicated by boxes. Reverse (P2 and P15.2) and forward (P1 and P5) primers derived from the Bcvir cDNA sequence are also positioned at the cDNA. Above and below the ORF1-ORF2 overlapping region are indicated the beginning and the end of the nucleotide and deduced amino acid sequences for the translation of ORF2 or ORF1 in that area. Because of ϩ1 frameshifted translation of ORF2 (upper nucleotide sequence) in comparison to that of ORF1 (lower nucleotide sequence), their deduced amino acid sequences in that overlapping region are different. (B) Full amino acid sequences of Bcvir15 and putative Bcvir32, respectively, deduced from the translation of ORF1 or from the translation of ORF1-ORF2 through a ϩ1 frameshift mechanism within the overlapping region of the Bcvir cDNA. Within the Bcvir32 sequence, the dashed line corresponds to the Bcvir15 sequence that is common between the two products upstream from the overlapping area of the cDNA. The underlined area represents the specific amino acid sequence of Bcvir15 and Bcvir32 within the overlapping area because of the ϩ1 frameshift translation mechanism between ORF1 and ORF2 in that area. The four epitopes recognized by the anti-Bcvir15 antisera [either anti-GSTBcvir15 or anti-(His) 6 Bcvir15] are indicated in black boxes. The gram-positive surface protein-anchoring consensus hexapeptide (PROSITE PS50847) present in Bcvir15 is indicated in a grey box.
3A, lane 9), and it was negative when this step was performed with the forward primer (Fig. 3A, lane 7) . No genomic DNA contamination was observed, since no products were amplified when reverse transcriptase was omitted before RT-PCR (Fig.  3A, lanes 8 and 10) . Such experiments with a reverse primer derived from the Bcvir cDNA used as retrotranscription step primer revealed an amplified product with the expected size (Fig. 3A, lane 5) . Unexpectedly however, the same experiments performed with forward primers as retrotranscription step primers were also able to amplify products with the expected sizes (Fig. 3A, lanes 1 and 3) . As this suggested that two opposite cRNA strands might carry the Bcvir cDNA sequence, the precise nature of RNA element bearing the Bcvir cDNA sequence was analyzed by Northern blotting (Fig. 3B) . Hybridizations were performed with riboprobes corresponding either to the ORF1 mRNA sequence (sense riboprobe) (Fig. 3B, lanes 3 and 4) or to its complementary nucleotide sequence (antisense riboprobe) (Fig. 3B, lanes 1 and 2) . Both sense and antisense ORF1-derived riboprobes were able to detect two RNA products of 1.2 and 2.8 kb when tested on total RNA extract from B. canis (Fig. 3B, lanes 2 and 4) , suggesting that the Bcvir cDNA sequence was carried by two dsRNAs. In contrast, a single 1.2-kb mRNA corresponding to the size of Bcvir cDNA was detected with the antisense riboprobe when hybridization was performed with purified mRNA (Fig. 3B, lane 1) . No signal was detected with the sense probe on this extract (Fig. 3B, lane 3) . Similar results were obtained when hybridizations were performed with ORF2-derived riboprobes (data not shown).
The dsRNA status of genetic elements that carried the Bcvir cDNA sequence was confirmed by treating the total RNA extract with nuclease S1 prior to Northern blot hybridization with the ORF1-derived riboprobe (Fig. 4A and B) . As a control for proper activity of nuclease S1, a similar approach was used with an antisense riboprobe derived from the encoding region of the Bc28 cDNA from B. canis (Fig. 4C and D) . As expected, with the control a 1-kb mRNA was detected when the riboprobe was hybridized on untreated total RNA (Fig. 4C , lane 1), but no signal was obtained with the nuclease S1-treated extract (Fig. 4C, lanes 2 to 4) , confirming that no single-stranded RNA was present in the extract. In contrast, hybridization with the sense ORF1-derived riboprobe gave a strong signal both with the nuclease S1-treated extract (Fig.  4A, lanes 2 to 4) and with the untreated extract (Fig. 4A, lane  1) , indicating that the Bcvir cDNA sequence was carried by two extrachromosomal dsRNAs of 1.2 and 2.8 kbp within B. canis.
Biochemical characterization and location of Bcvir15, the main expressed product from Bcvir cDNA-derived dsRNA. To identify and characterize the main predicted expressed protein from the Bcvir cDNA-derived dsRNA sequence within B. canis, i.e., Bcvir15, specific sera were raised against GST-and His 6 -tagged recombinant Bcvir15 proteins (polypeptides A 12 to I 141 and M 25 to I 141 , respectively). In immunoprecipitation assays, both polyclonal antisera identified Bcvir15 in the [ 35 S]methionine-radiolabeled infected red blood cell extract (Fig. 5A, lanes 2 and 3) and a 27-kDa protein was coprecipitated with Bcvir15 by anti-(His) 6 Bcvir15 (Fig. 5A, lane 2) . The preimmune serum, corresponding to the rabbit immunized with the recombinant protein (His) 6 -Bcvir15, was unreactive on these proteins (Fig. 5A, lane 1) , and the anti-GST serum was not reactive on Bcvir15 (Fig. 5A, lane 4) . Bcvir15 was not immunoprecipitated from the supernatant fraction of B. canis (Fig. 5B, lane 2) , suggesting that it is not a protein that might be secreted or released from lysed infected erythrocytes.
This was confirmed by immunoprecipitation experiments performed with the anti-(His) 6 Bcvir15 serum on the infectederythrocyte stroma and purified merozoite fractions collected after ␣-hemolysin treatment of the [
35 S]methionine-radiolabeled infected red blood cells (Fig. 6A) . The results showed that Bcvir15 was present in purified merozoites, whereas it was not detected in stroma of infected erythrocytes (Fig. 6A, lanes  2 and 4, respectively) . Moreover, Triton X-114 partitioning of [ 35 S]methionine-radiolabeled antigens from purified merozoites revealed that Bcvir15 was immunoprecipitated from the hydrophilic fraction but not from the hydrophobic one (Fig.  6A, lanes 6 and 8, respectively) , suggesting that Bcvir15 was a soluble antigen within merozoites. Like Bcvir15, the coprecipitated 27-kDa antigen was detected in the purified merozoite fraction and in its hydrophilic fraction (Fig. 6A, lanes 2 and 6) . In contrast to the case for Bcvir15, it was detected in the infected-erythrocyte stroma (Fig. 6A, lane 4) . The preimmune serum did not recognize these antigens either in immunoprecipitation experiments (Fig. 6A, lanes 1, 3, 5 , and 7) or in Western blotting (Fig. 6B, lane 1) . On immunoblots of purified merozoites from isolate A of B. canis, the anti-(His) 6 Bcvir15 serum reacted with Bcvir15 but not with the 27-kDa antigen (Fig. 6B, lane 2) . The relationship between Bcvir15 and the coprecipitated 27-kDa antigen remains unclear, but the fact that the 27-kDa antigen was detected in extracts of purified merozoites by immunoprecipitation and not by immunoblot experiments suggests that it shared a conformational epitope with Bcvir15. The location of the Bcvir15 antigen was then investigated by indirect immunofluorescence assay with both anti-(His) 6 Bcvir15 and anti-GSTBcvir15 sera. The two antisera gave the same image; i.e., a strong fluorescence signal was obtained as dots within the merozoites, as shown on the four merozoites of B. canis from the Babesia tetrad form presented in Fig. 6C (left panel). These dots were distributed all over the cytoplasm of the merozoite, and they were not distributed within the infected-erythrocyte host cells. Moreover, nuclear staining with 4,6-diamidino-2-phenylindole suggested that they did not colocalize with the nucleus of the merozoite (Fig. 6C, right panel) . Neither the preimmune sera, the anti-GST serum, nor the secondary conjugated antibody was reactive in indirect immunofluorescence assay (data not shown). Finally, immunoblotting of purified merozoites from four isolates of B. canis, originating from different regions in France, with the anti-(His) 6 Bcvir15 serum revealed a slight size polymorphism of Bcvir15 (Fig. 6D) . Two profiles were observed among the four tested isolates, and the size polymorphism between two reference isolates of B. canis for vaccination experiments, i.e., isolates A and B, was clear (Fig. 6D,  lanes 1 and 2, respectively) .
In vitro inhibition assays. As Bcvir15 was found to share similarity with viral and bacterial infectivity factors, we further studied such a function for Bcvir15 in the parasite B. canis by performing a series of in vitro inhibition tests. Moreover, as 1 to 6) or from a cDNA corresponding to a single-copy gene of B. canis (lanes 7 to 10). For both sequences analyzed, the first retrotranscription step was performed either with (lanes 1, 3, 5, 7, and 9) or without (lanes 2, 4, 6, 8, and 10) enhanced avian myeloblastosis virus retrotranscriptase enzyme. Reverse primer P15.2 (lanes 5 and 6) and forward primers P1 (lanes 1 and 2) and P5 (lanes 3 and 4) from the Bcvir cDNA sequence were used for this first step. PCRs were performed with the primer pair P1-P2 (lanes 1 and 2) or P5-P15.2 (lanes 3 to 6) in the second step. Likewise, the first step was performed with reverse (lanes 9 and 10) and forward (lanes 6 and 7) primers derived from the single-copy gene Bc12D3 of B. canis, and PCRs were performed with both primers (lanes 7 to 10). (B) Northern blot analysis of the Bcvir sequence was performed either on purified mRNA (lanes 1 and 3) or on total RNA (lanes 2 and 4) from B. canis. RNA were hybridized with antisense (lanes 1 and 2) or sense (lanes 3 and 4) riboprobes derived from the ORF1 sequence of the Bcvir cDNA.
FIG. 4. Northern blot analysis of the
Bcvir sequence on dsRNA from B. canis. Undigested (lanes 1) and nuclease S1-digested (lanes 2 to 4) total RNA were ethidium bromide stained for 1 to 3 h (B and D) and hybridized either with a sense ORF1-derived riboprobe (A) or with an antisense riboprobe derived from the encoding region of the cDNA Bc28 from B. canis (C).
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EXTRACHROMOSOMAL dsRNA FROM BABESIA CANISbiochemical analysis of Bcvir15 with the anti-(His) 6 Bcvir15 serum described above indicated that a 27-kDa antigen shared a conformational epitope, inhibition tests of the in vitro culture of B. canis were performed with an anti-GSTBcvir15 serum that did not cross-react with this antigen (Fig. 5A, lane 3) . A pilot experiment showed that 8% (vol/vol) anti-GSTBcvir15 serum in the culture medium inhibited the in vitro growth of B. canis to 50% after 2 days of culture (data not shown). Thus, further inhibition assays were performed at this defined concentration of anti-GSTBcvir15 serum, using either crude serum (Fig. 7A ) or purified immunoglobulins (IgG) (Fig. 8) . In the first series of experiments, the inhibitory effect of 8% (vol/vol) anti-GSTBcvir15 serum was estimated by parasitemia counting (performed in triplicate). It confirmed the 50% inhibitory effect of this concentration on the in vitro growth of B. canis after 2 days of culture (Fig. 7A) , as was observed with a similar concentration of the anti-(His) 6 Bcvir15 serum (data not shown). As controls, similar concentrations of either preimmune sera, anti-GST serum, or irrelevant anti-GSTBc12D3 serum had no inhibitory effect (Fig. 7A) . Moreover, a competitive inhibition assay demonstrated that addition of GSTBc vir15 protein to the medium of a culture treated with 8% (vol/vol) anti-GSTBcvir15 serum showed 50 and 100% reversion of the inhibition at concentrations of 20 and 40 g/ml, respectively (Fig. 7A) . The recombinant protein itself had no inhibitory effect on B. canis cultures (Fig. 7A) . Cytological examination of blood smears revealed many abnormal parasite forms, such as forms with huge cytoplasm or cytoplasmic extrusion within the host erythrocytes (Fig. 7B,  panel 2 ), compared to parasites from untreated cultures (Fig.   7B, panel 1) . Free merozoites were not found in the medium. These observations suggested that anti-GSTBcvir15 inhibited parasite growth and development within the erythrocyte after invasion rather than inhibiting the invasion process per se. This is in agreement with the fact that the inhibitory effect of antiGSTBcvir15 sera was evident after 2 days of culture.
This was confirmed by a second series of inhibition assays that were performed in triplicate with [ 3 H]hypoxanthine incorporation and purified IgG from GSTBcvir15, irrelevant GSTBc12D3, GST, and preimmune sera (Fig. 8) . Twenty to 200 micrograms of purified IgG from each serum was added per milliliter of culture, and the test was performed on the two European isolates A and B of B. canis (i.e., B. canis subsp. canis) (Fig. 8A and B, respectively) . The 50% inhibition effect of purified IgG from the anti-GSTBcvir15 on the in vitro cultures was obtained at a concentration of 160 g/ml, for both isolates A and B of B. canis (Fig. 8A and B, respectively) , and no inhibitory effect was observed with purified IgG from control sera. Half of the purified IgG from anti-GSTBcvir15 was estimated to be directed against the GST part of the recombinant protein by enzyme-linked immunosorbent assay. This indicated that 80 g of IgG per ml, specifically directed against the Bcvir15 part of the recombinant protein, was responsible for the 50% in vitro growth inhibition of B. canis. Interestingly, the polymorphism of Bcvir15 observed between isolates A and B (Fig. 6D, lanes 1 and 2) seems to have no effect on the function of the protein, since the inhibitory effect of antibodies was found to be equivalent for the two isolates. In contrast, when the test with purified IgG from GSTBcvir15 was performed with a South African isolate from B. canis (i.e., B. canis subsp. rossi), no inhibitory effect was observed (data not shown). In this last experiment the growth-inhibitory effect of anti-GSTBcvir15 was evident after 1 day of culture. Combined with the cytological observations described above (absence of free merozoites in the medium and abnormal parasitic forms), this suggested that the inhibitory effect of IgG specifically directed against Bcvir15 on the growth of the parasite occurred after erythrocyte invasion.
Epitope mapping of Bcvir15. As in vitro inhibition assays indicated that Bcvir15 might interfere with the intracellular growth of B. canis, we further analyzed which epitopes might be implied in that process by synthesizing overlapping dodecapeptides that covered the Bcvir15 amino acid sequence on a polyvinylidene difluoride membrane. Of the 65 overlapping dodecapeptides that covered the Bcvir15 amino acid sequence, four were recognized by the anti-GSTBcvir15 serum and three were recognized by the anti-(His) 6 Bcvir15 serum (Fig. 1B) . Interestingly, the three epitopes, SERLAMLRALAG (aa 35 to 46), PELRELSRKIRE (aa 85 to 96), and NHRLPEGHPPLE (aa 109 to 120), that were recognized by the anti-(His) 6 Bcvir15 serum were also recognized by the anti-GSTBcvir15 serum (data not shown), suggesting that they might be critical for the function of Bcvir15.
DISCUSSION
The data reported here describe the characterization of a 1.2-kbp cDNA and of its main encoded product, Bcvir15, which might be of particular importance for the intracellular growth of the Apicomplexan parasite B. canis. Our data sup- port a potential viral origin for this cDNA, which was designated Bcvir. This is suggested by its particular structure with the presence of two overlapping ORFs, by the fact that its main encoded product (Bcvir15) might share homology with viral proteins, and especially by the fact that it is not derived from the DNA genome of B. canis. Indeed, the Bcvir cDNA was found to be derived from two extrachromosomal dsRNA genomes of 1.2 and 2.8 kbp. dsRNA elements have already been described as viral genomes present in a large number of parasitic protozoa (46) , including another Babesia species, B. bovis (20) . Protozoan viruses described to date have been separated into two families, depending on whether their L-dsRNA, i.e., the genome which encodes structural proteins necessary for their encapsidation and replication, is monopartite or fragmented. Most of these viruses harbor a monopartite linear L-dsRNA genome with a size range of 4.3 to 7.5 kbp, characteristic of the Totiviridae virus family (46) . An exception is the viral genome of the Apicomplexan parasite Cryptosporidium parvum, which is fragmented into two separated dsRNA molecules of 1.8 and 1.4 kbp and, as such, is classified as a member of the Partitiviridae virus family (26, 27) . Because of the dsRNA status of these viruses, an RDRP activity is needed for their replication, and for all protozoan viruses described to date, it was evidenced or predicted to be encoded by the L-dsRNA genome. Attempts to find an RDRP activity and to analyze all of the dsRNA elements that might constitute the complete genome of the potential B. canis virus are under way using 
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Bcvir cDNA, nor Bcvir32, the minor product that might be expressed in vitro from this cDNA through a ϩ1 translational recoding mechanism (P. Drakulovski et al., unpublished data) predicts such an RDRP motif. Moreover, probes that derived from the 1.2-kbp Bcvir cDNA always hybridized to the 1.2-and 2.8-kbp dsRNAs (this work), but they do not hybridize to a larger, 6.5-kbp dsRNA detected following nuclease S1 digestion of [ 33 P]UTP-labeled RNA extracted from in vitro cultures (Carcy, unpublished) . The size of this supplementary dsRNA is in agreement with the size of an L-dsRNA genome for the potential B. canis dsRNA virus and is also in agreement with the L-dsRNA genome that was identified in the dsRNA virus from the bovine Babesia species B. bovis (20) . Thus, the inability of the 1.2-kbp Bcvir cDNA-derived probes to hybridize with this 6.5-kbp dsRNA strongly suggested that the Bcvir cDNA does not derive from the L-dsRNA genome of the potential B. canis virus but derives from smaller dsRNA genomes of 1.2 and 2.8 kbp. Indeed, smaller dsRNA genomes have already been described for the viruses of T. vaginalis and E. nieschulzi, and those from T. vaginalis were characterized as dsRNA satellites (24, 25, 36) . Interesting features of these dsRNA satellites are their lack of cross-hybridization with the L-dsRNA (25) and their ability to dimerize, as was demonstrated in the Cryphonectria parasitica virus (19) . Our data indicated a close association between the dsRNAs of 1.2 and 2.8 kbp, since they were always detected together by hybridization experiments. However, no mRNA longer than 1.2 kb, i.e., that might derive from the 2.8-kbp dsRNA, was detected by hybridization, and attempts to sequence this 2.8-kbp dsRNA by SMART (switch mechanism at the 5Ј end of the RNA transcript; Clontech) or SPAT (single primer amplification technique) methodologies (4) were unsuccessful. Although it remains to be demonstrated, this suggests that the extrachromosomal 2.8-kbp dsRNA might correspond to a dimeric form of the 1.2-kbp dsRNA. Thus, together these results indicated that the Bcvir cDNA and its expressed products, Bcvir15 and Bcvir32, would be derived from a smaller dsRNA genome of 1.2 kbp and that this extrachromosomal element might be a dsRNA satellite.
Until this analysis, no data were available on the products that might be expressed from smaller dsRNAs for protozoan dsRNA viruses or on their function. The best-known example of an encoded product from a smaller dsRNA genome of viral origin that was demonstrated to play a critical role in the infected host is the toxin responsible for the killer phenomenon in yeast (47) . Sequence analysis of Bcvir15 indicated the presence of the consensus sequence L-P-x-T-G-(STGAVDE) on Bcvir15, and this motif is found in numerous surface proteins that play an important role in the virulence of the bacteria (15, 39, 41) . Moreover, Bcvir15 might share homology with the retroviral Vif protein, which plays an important role in regulating virus infectivity, since the lack of functional Vif protein was demonstrated to result in the production of virions with reduced or abolished infectivity (14, 28, 43) . As it suggested a function of Bcvir15 in the infectivity of the parasite, this was examined by testing the effect of antibodies directed against Bcvir15 on the in vitro growth of B. canis. We found that addition of 8% of crude serum or of 160 g of purified IgG directed against Bcvir15 per ml led to a 50% inhibition of the in vitro growth of the parasite and that the inhibitory activity of antibodies was associated with morphological damage of the parasite. However, the mechanism for the inhibitory effect of antibodies remains unknown. One possible explanation is that the antibodies block the process of parasite invasion of the erythrocyte. However, the absence of free merozoites in the medium and the presence of abnormal parasitic forms within erythrocytes suggested that the inhibitory effect of anti-Bcvir15 IgG on the growth of B. canis occurred after erythrocyte invasion. Moreover, biochemical characterization of Bcvir15 indicated that it is not a merozoite surface antigen that might be easily accessible to antibodies, thus blocking an interaction of Bcvir15 with a receptor from the host erythrocyte. Bcvir15 is a soluble antigen that remains in the merozoite cytoplasm. This suggested that antibodies have to directly reach the protein Bcvir15 within the cytoplasm of B. canis. Babesia parasites are directly in contact with the cytoplasm of the erythrocyte during their erythrocytic life cycle, and in B. equi and B. caballi, a tubular structure connecting the erythrocyte membrane to parasite was observed and its ultrastructure was described (17, 21, 22) . Although the function of these tubular structures remains unknown, it has been speculated that intraerythrocytic Babesia parasites come into direct contact with culture medium or host plasma and that these structures might play a role in the uptake of nutrients. Direct contacts between intraerythrocytic B. canis parasites and the red blood cell surface membrane have been also observed, either through the apex of the merozoites or through a tubular structure (18) . Thus, another and most plausible explanation for the inhibitory effect of the anti-Bc vir15 IgG is that it might reach the parasite through these direct contacts and neutralize the intracytoplasmic Bcvir15. Thus, rather than playing a function in the infectivity of the parasite, Bcvir15 might interfere with the metabolic pathway of the parasite that is necessary for its intracellular growth. As a consequence of neutralization of Bcvir15, the parasite metabolism would be modified, and this would be responsible for The results presented here on the Apicomplexan parasite B. canis provide an example of an encoded product from a potential dsRNA virus that might play an important role in protozoan parasites. We found that this function would be specific for the European subspecies of B. canis, since the dsRNA was not identified in the South African subspecies of B. canis (i.e., B. canis subsp. rossi) and no inhibitory effect of anti-Bcvir15 IgG was observed with such isolates. Finally, the Bcvir15 product of the Bcvir dsRNA was identified by using a polyclonal antibody directed against a member of the multigene family Pf60 of P. falciparum (8, 9, 11) , another Apicomplexan parasite. Surprisingly, whereas no homology was found between Bcvir15 and members of this large family, Bcvir15 shares some features with two members of the Pf60 family. Like the Bcvir cDNA (Drakulovski et al., unpublished), these two members used recoding translational mechanisms for the expression of their products, which function as interacting proteins (7, 8) . However, in contrast to Bcvir dsRNA, these Pf60 genes are integrated within the genome of P. falciparum (7, 8) . This suggested that both Bcvir dsRNA from B. canis and these genes from the Pf60 family of P. falciparum might originate from a common viral ancestor but that a rerouting of the viral information has occurred in P. falciparum, i.e., that the recoding translational mechanisms have been integrated in the genome to the benefit of the parasite.
